ABSTRACT This paper aimed to investigate how to construct a phase-generation mechanism with a systematic structure and without diminishing the peak-to-average power ratio (PAPR) reduction performance of a conventional selective mapping (SLM) technique. The SLM is a prevalent technique for reducing the PAPR and is often applied in orthogonal frequency division multiplexing (OFDM) systems. Despite effectively reducing the PAPR, the SLM generates phase sequences randomly, creating a lack of systematic structure and increased system complexity. Therefore, this paper sets an adaptive threshold value to evaluate the characteristics of input signals. On the basis of the evaluated characteristics, this paper selected the optimal phase-generation mechanism to produce phase sequences. In the proposed method, the phasegeneration mechanism was established according to the structure of Reed-Muller codes, thereby achieving a systematic structure that the random generation technique lacks. Compared with the conventional SLM techniques, the proposed method required an additional bit of side information for each transmitted signal but could approximate the PAPR reduction performance of the conventional SLM technique according to the simulation results.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is a technique that divides a high-rate data stream into N low-rate streams and converts these data streams into time domain signals for transmission using inverse Fourier transform. As a multicarrier transmission technique, OFDM has the advantage of effective frequency spectrum use and resistance to interference from selective fading channels. Moreover, OFDM was selected as the communication transmission technology [1] for the fourth generation of mobile phone mobile communication technology standards (4G), IEEE 802.11 (Wi-Fi), and 5G new radio. Although prevalent among wireless communication transmission techniques, OFDM has disadvantages. For instance, OFDM transmission
The associate editor coordinating the review of this manuscript and approving it for publication was Donatella Darsena. signals exhibit high peak-to-average power ratios (PAPRs), which not only reduce the efficiency of high-power amplifiers but also complicate the operation of analog-to-digital converters. Many techniques have been proposed to effectively reduce high PAPR [2] - [14] , most of which can be classified into distortion methods, encoding methods, and multiple signal representation (MSR) methods. As the most representative distortion method, the clipping method [4] performs the distortion process by setting a threshold value. That is, when the input signal value is greater than the threshold, the signal value is set as the threshold value to prevent generation of an excessively high PAPR. However, this action also results in a high bit error rate. Encoding methods (e.g., Golay complementary sequences [5] , [6] ) can mitigate the high PAPR completely, but its practicality is limited by a reduced data transmission rate. MSR methods change the phases of the input signals to generate multiple candidate signals, among which the signal with the smallest PAPR is selected as the transmission signal. Common MSR methods include partial transmit sequence [7] , [8] and selective mapping (SLM) methods [8] - [12] . Even though MSR methods can effectively reduce excessively high PAPRs, the sending end must transmit an additional message to inform the receiving end of the phase change for the receiving end to restore input data. Such a message from the sending end is referred to as side information. In addition, MSR methods require numerous search volumes to determine the optimal phase change for input signals to produce the minimum PAPR.
SLM, an MSR method, is mainly used to perform phase scrambling on the input frequency domain signal and generate multiple candidate signals, among which the signal with the smallest PAPR is selected as the transmission signal. The authors of [13] mentioned that even though the randomly generated phase sequences for phase scrambling enable conventional SLM techniques to effectively reduce PAPR, random generation lacks a systematic structure and thus demonstrates high system complexity. Therefore, a new phase-generation mechanism was proposed in [13] to generate phase sequences through a seed matrix. The proposed method is comparable to conventional SLM techniques in terms of PAPR reduction; furthermore, fewer side information bits are required from the sending end when the number of candidate sequences is greater than the number of subcarriers. The method proposed in [13] is termed pseudorandom selective mapping (PR-SLM). The PR-SLM technique can compensate for the lack of a systematic design in the structure of the phase-generation mechanism. However, conventional SLM techniques require further improvement, namely by identifying a method for further reducing PAPR and simultaneously reducing the bits required for side information. In response, the main contributions of this study are summarized as follows.
1) This study used the encoding structure of linear block codes to compensate for the lack of a systematic structure in conventional SLM techniques featuring a random phase-generation design. Two different orders of Reed-Muller codes were used to analyze PAPR reduction. This study used the Reed-Muller encoding structure to generate phase sequences rather than improving the error-correction ability of the transmission signals. Therefore, the proposed method enabled this study to identify the Reed-Muller codes' minimum Hamming distance (d min ) according to variation in self-defined phase sequences, facilitating the selection of an appropriate order. 2) To enable conventional SLM techniques to establish an appropriate phase-generation mechanism according to the PAPR characteristics of the current input data, this study proposed the use of an adaptive threshold value (PAPR THD ) to evaluate the PAPR of the input data and select the optimal phase-generation mechanism for producing phase sequences. That is, the adaptive threshold value (PAPR THD ) was determined according to the smallest PAPRs observed in output signals generated by conventional SLM techniques, from which the optimal PAPR was selected from the set of minimum PAPRs generated as the adaptive threshold for subsequent input data. The simulation results revealed that the proposed method is more effective in PAPR reduction than conventional SLM and PR-SLM techniques are and that sending side information required only one bit more of side information than do conventional SLM techniques.
This remainder of the paper is structured as follows. Section II details the mathematical expressions of OFDM signals, definition of PAPR, and SLM technique. Section III describes the system architecture of the proposed method. Section IV presents the simulation results, along with the details of the respective application of the proposed method in the OFDM system with quadrature phase-shift keying (QPSK) modulation and 16-quadrature amplitude modulation (16QAM). Finally, Section V presents the conclusion.
II. OFDM SYSTEM AND THE SLM APPROACH A. OFDM SIGNAL AND PAPR DEFINITION
Let the sequence of each input datum containing N sym-
, be independent and identically distributed. All symbols use phase-shift keying (PSK) or quadrature amplitude modulation (QAM) for modulation. A discrete-time OFDM signal containing N subcarriers can be obtained using inverse discrete Fourier transform (IDFT) on the input data sequence (X), with the respective expressions presented as follows:
where Re{x[n]} and Im{x[n]} denote the real and imaginary parts of x[n], respectively. According to the central limit theorem, when N is sufficiently large, both Re{x[n]} and Im{x[n]} approximate Gaussian distribution [14] . However, when an individual subcarrier exhibits the same phase, the OFDM signal might generate a high PAPR. The definition of PAPR is the ratio of the maximum instantaneous power to the mean power of the transmitted signal, and its mathematical expression is presented in (2) .
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where E{·} is the calculation of the expected value, and L denotes the oversampling factor. When L ≥ 4, PAPR{x[n]} ∼ = PAPR{x(t)} is valid, with x[n] and x(t) denoting the discrete-time signal and the continuous-time signal, respectively [14] . The complementary cumulative distribution function, defined in (3), is applicable for evaluating the performance of PAPR reduction.
where Pr(v) is the probability of event v occurring and PAPR 0 is the designated threshold value.
B. SELECTIVE MAPPING 
is multiplied by W randomly generated phase sequences
, to generate W sequences that have undergone phase scrambling (Xb i , i = 1, 2, · · · , W ), each of which has a content of b i s = e jφ s , s = 1, · · · , N and φ s ∈ [0, 2π ). The SLM technique subsequently transforms the W sequences into candidate signals using inverse fast Fourier transform (IFFT), as expressed in (4).
The SLM technique is used to select the signal with the smallest PAPR (among all W candidate signals) as the transmission signal of the OFDM system.
where i = 1, 2, · · · , W . To enable the receiving end of the transmission system to restore the sequence of the original input data, the receiving end requires information regarding which signal (among all W candidate signals) was selected as the transmission signal. This information is termed side information and must be described by log 2 (W ) bits. Even though the SLM technique is relatively effective in PAPR reduction, it still has a few limitations in the phase-generation mechanism, such as follows:
• Because phase sequences are generated randomly, the phase-generation mechanism lacks a systematic structure.
• The technique lacks a method for selecting a phase sequence that yields a candidate signal with the optimal PAPR.
C. PHASE-GENERATION MECHANISM OF PR-SLM
The random generation of phase sequences in SLM results in a lack of systematic structure and increased system complexity. Ali et al. [13] proposed PR-SLM, a new phase-generation mechanism that improves the conventional SLM technique by producing a pseudo-random sequence. The PR-SLM technique employs a 2 × 2 seed matrix (
to recursively produce N pseudo-random sequences with a length of N . The elements of each A i,k are different; A i,k ∈ {±1, ±j}, j = 1, 2; and k = 1, 2. The recursive construction method of the PR-SLM technique is expressed in (6) .
where A H m−1 is the Hermitian transpose of matrix A m−1 and N = 2 n (n ≥ 0) denotes the number of subcarriers. The seed matrix (A 0 ) has 24 variants ( After analyzing the 24 variants, Ali et al. [13] discovered that pseudo-random sequences produced by four of the variants demonstrated relatively poor performance in terms of PAPR reduction and that 16 of the variants demonstrated a PAPR reduction performance comparable to that of the conventional SLM technique. The PR-SLM technique constitutes a systematic structure of the phase-generation mechanism and exhibits a PAPR reduction performance comparable to that of the conventional SLM technique. However, W phase sequences must be selected from N pseudo-random sequences to conduct phase scrambling on the input data. Therefore, log 2 (N ) bits are required for side information to reveal the selected sequences. When N < W , the PR-SLM technique can reduce the log 2 (W ) bits required by the conventional SLM technique. When N W , the PR-SLM technique requires numerous bits of side information, thereby reducing the data transfer quantity of the transmission system. Therefore, this study proposed a phase-generation mechanism based on a linear block code structure as a replacement for the random generation of phase sequences in the conventional SLM technique, resolving the increased system complexity induced by the lack of a systematic phase-generation mechanism. In addition, this study aimed to reduce the number of bits of side information used in the PR-SLM technique and enhance the PAPR reduction performance.
III. PROPOSED METHOD
The proposed method is mainly for establishing an adaptive threshold value (PAPR THD ) to evaluate the PAPR of the input data. The evaluation results determine Reed-Muller codes with a predefined order for generating phase sequences.
To facilitate the introduction of the proposed method, rthorder binary Reed-Muller codes are first defined. Let 0 ≤ r ≤ m; the code length (n), input data amount (k), and minimum Hamming distance (d min ) of any rth-order binary Reed-Muller code (RM(r,m)) are expressed as follows:
where the binary Reed-Muller code is also a binary linear code [15] . If 1 ≤ i ≤ m, u i , a vector with a length of 2 m in the binary Galois field, has the following characteristics: 
where ''1'' is a vector with a length of 2 m and all elements = 1 [15] . In addition, the generator matrix (G) of the Reed-Muller code, RM(m,m), can be obtained using (8) [16] .
where F ⊗m denotes the mth tensor product of the 2 × 2 matrix (F). For instance, the generator matrix (G) of RM(2,2) is expressed as follows: 
where c s q ∈RM(s,m) and q = 1, 2, · · · , z. If the elements of the sequence are symbols modulated using M -ary PSK, then they can be expressed as follows:
where b i j denotes the jth element of the ith phase sequence and c i k+1,j the jth element of the (k + 1)th codeword (c i k+1 ) in submatrix G i .
The proposed method predefines an adaptive threshold value (PAPR THD ) and then performs trial calculation of the PAPR for each input datum (PAPR sequence b i j in accordance with (12) , with i = 1, 2, · · · , W and j = 1, 2, · · · , N . When the number of candidate sequences is W , a total of W log 2 (M ) codewords are required to generate phase sequences. To prevent instances where z < W log 2 (M ), with z being the rows of the submatrix, (12) is rewritten as follows:
where mod(a, b) denotes the remainder when a is divided by b, i = 1, 2, · · · , W and j = 1, 2, · · · , N . If PAPR Input l ≤ PAPR THD and the condition of W +log 2 (M ) < N is satisfied, then the codewords of submatrix G m and an N × N identity matrix (I N ) are incorporated to generate phase sequences; the mathematical expression is presented in (14) .
where the codewords comply with c i = c i 1 , c i 2 , · · · , c i N , ⊕ 2 denotes binary addition and I i,j denotes the element in the ith row and jth column of the identity matrix. After a phase sequence is generated, the modulated data are multiplied by each of the W phase sequences. The W phase-scrambled signals undergo inverse discrete Fourier transform to generate W candidate signals, among which the signal with the smallest PAPR(PAPR (v) selected ) is selected as the transmission signal; PAPR (v) selected is the PAPR of the vth OFDM transmission signal. To select a suitable phase-generation mechanism according to the characteristics of each input datum, To analyze the PAPR reduction performance of the proposed method, this study compared it with the conventional SLM (C-SLM) technique and PR-SLM proposed in [13] . Table 1 presents the variation in the number of bits required for side information among the proposed, C-SLM, and PR-SLM methods. The C-SLM technique requires the sending end to transmit side information to inform the receiving end which phase sequence (among all W phase sequences) has been selected for improving PAPR reduction; the number of bits required for side information is log 2 (W ). In contrast to the C-SLM technique, the proposed method uses the adaptive threshold value (PAPR THD ) to select the submatrix (G s or G m ) for producing phase sequences; thus, the number of bits required for side information is 1 + log 2 (W ). Because the PR-SLM technique requires the receiving end to have information concerning how to select the appropriate phase sequence (out of N × N phase sequences) for enhancing PAPR reduction, the number of bits required for side information is log 2 (N ). In summary, the proposed method requires fewer bits for side information than the PR-SLM technique (log 2 (N )) does and only one bit more than the C-SLM technique (log 2 (W )) does. Moreover, the proposed method has a systematic structure equivalent to that of the PR-SLM technique, which can simplify system complexity. 
IV. SIMULATION RESULTS
The simulation results were derived from 100, 000 randomly generated OFDM signals modulated separately using QPSK and 16QAM. In total, 128 subcarriers were selected for the simulation. The number of candidate signals W was set as {4, 16}, the adaptive threshold value was set as PAPR THD = 7dB, and the phase variation of the phase sequence was set as {±1, ±j}. Regarding the selection of Reed-Muller codes, submatrices G s and G m underwent natural and random ordering, respectively, for simulation analysis and performance comparison.
Figs. 2 and 3 present the PAPR reduction performance of phase-generation mechanisms produced using different submatrices G s in QPSK-OFDM and 16QAM-OFDM systems with 16 candidate signals and 128 subcarriers; s = 2, 3, 4, 5, 6, 7. According to Figs. 2 and 3 , in any given order (s), a phase-generation mechanism exhibits better PAPR reduction performance when adopting submatrix G s generated using random ordering than when adopting G s generated using natural ordering. Accordingly, the proposed method yielded a more favorable result when using the randomly ordered submatrix G s compared with the naturally ordered submatrix G s , in either QPSK-OFDM or 16QAM-OFDM.
To evaluate the proposed method's advantages and disadvantages in relation to PAPR reduction, this study compared it with two other methods ( namely C-SLM and PR-SLM techniques). Fig. 4 compares the PAPR reduction performance of three SLM techniques ( namely the proposed technique, C-SLM, and PR-SLM), using the same number of candidate signals. In Fig. 4 , the phase-generation mechanism of the proposed method determines submatrices G s = G 2 and G m = G 7 to produce phase sequences.
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The simulation results indicated that regardless of the ordering of the Reed-Muller codes (natural or random ordering), the proposed method outperforms the PR-SLM techniques and approximates the PAPR reduction performance of the C-SLM technique. In addition, Fig.4 reveals that the proposed method effectively reduces PAPR with the use of randomly ordered Reed-Muller codes and has a more systematic phase-generation mechanism than the C-SLM technique does. Fig. 5 illustrates the applications of three SLM techniques in the 16QAM-OFDM system with 128 subcarriers and compares their PAPR reduction performance for different numbers of candidate signals (W = {4, 16}). Regardless of the difference in candidate signal number, the proposed method demonstrated superior performance to the PR-SLM techniques for PAPR reduction (Fig. 5) . Figs. 4 and 5 indicate that the proposed method can reduce PAPR more effectively than can the PR-SLM techniques in both QPSK-OFDM and 16QAM-OFDM systems.
V. CONCLUSION
The proposed method set an adaptive threshold (PAPR THD ) according to each modulated datum to determine which phase-generation mechanism to use. The systematic structure of Reed-Muller codes was able to improve the conventional SLM technique whose random generation mechanism caused a lack of systematic structure. In addition, the proposed method required selection of submatrices G s and G m to adapt to the OFDM system and thus enhance PAPR reduction. The simulation results indicate that the proposed method not only exhibits better PAPR reduction superior that of PR-SLM technique, but also reduces the large number of bits required for side information using the PR-SLM technique.
